Studies of the cardiac output of normal individuals during muscular exercise have been made by several investigators (l-5).
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Systemic blood pressure has likewise been measured during exercise, making possible the calculation of peripheral resistance and the work of the left ventricle. Until recently (5) , such information was not available in the case of the right ventricle because pulmonary arterial pressure was not known By using the technic of pulmonary artery catheterization, both cardiac output and pulmonary arterial pressure can be determined during exercise, and pulmonary resistance and the work of the right ventricle can be calculated. This report deals with such studies on three normal individuals and eight patients with chronic pulmonary disease from whom data were obtained at rest and during exericse.
In some patients with chronic pulmonary disease the pulmonary arterial pressure and cardiac output at rest are normal (6, 7) , and it is of interest to determine whether the pulmonary arterial pressure becomes abnormally high during exercise. In these patients and in others who show high pulmonary arterial pressure at rest it is of importance from the point of view of estimating their disability to determine whether there is abnormally low cardiac output or abnormally high work of the right ventricle during exercise.
METHODS
In most instances the subjects were given mild sedation on the night before and the morning of the studies and came to the laboratory without breakfast. The normal subjects took no sedation and had orange juice, black coffee, and dry toast for breakfast at least an hour and a half before the first samples were taken.
The catheter was introduced through the basilic vein or one of its tributaries with the subject lying on a horizontal fluoroscope, and the tip of the catheter was placed in the truncus of the pulmonary artery (8) (9) (10) (11) ). An indwelling arterial
Resting pulmonary needle was placed in the brachial artery on the other side. and brachial artery pressures were recorded with a Hamilton manometer and samples were taken for cardiac output determination.
The subject then stood up, walked across the room, and seated himself on a bicycle ergometer. During the transfer the saline infusion through the catheter was continued by holding the flask high, and the arm with the arterial needle was kept extended.
In spite of slight motion of the arms and head during exercise, no great difficulty was encountered in withdrawing blood samples, collecting expired air or recording pulse-pressure curves. All exercise measurements were taken in a 'semi-steady' state, i. e., after six or seven minutes of exercise at a constant rate and after the pulmonary ventilation had assumed an approximately constant value. The work load was varied by applying a brake and by changing the rate of pedaling, but was calibrated only on the basis of the subject's oxygen consumption in ml. per minute. Pulmonary and brachial artery pulse-pressure tracings during exercise were taken with an electrical type of manometer (12). The zero point for pulmonary pressure measurements was taken as the third intercostal space anteriorly.
Pulmonary arterial pressure recordings taken with the subject seated on the bicycle before exercise served as controls and were comparable to pressures measured in the supine position. The tracings showed more artefacts during exercise than at rest because of motion of the catheter, and therefore the values for systolic and diastolic pressure were somewhat less accurate than the corresponding values at rest. Mean pressures, calculated by planimetric integration of the pulse-pressure curves throughout several complete respiratory cycles, were probably not in error by more than 2 mm. Hg.
Vascular resistances in the pulmonary circuit and in the greater circuit were calculated according to the formulae : R (pulmonary) = P. A., X 1.332 x 60 c. 0.
R (peripheral) = B.A., x 1.332 x GO c. 0.
where R = vascular resistance in dynes-set .-cm? P. A., = mean pressure in the pulmonary artery in mm. Hg B. A., = mean pressure in the brachial artery in mm. Hg c. 0. = cardiac output in 1. per minute. Since neither the left nor the right atria1 pressure was known, neither was intro duced into the expression for pressure drop in the numerator of the equations. Atria1 pressure is close to zero in the absence of heart failure or valvular disease, however, and any error resulting from the omission of this factor was not great in the cases under consideration. There is some evidence that the mean pressure in the left auricle is a few mm. Hg higher than in the right (13) , and therefore resistance estimated.
in the pulmonary vascular bed as calculated may tend to be over- The work of the ventricles is more accurately determined by using arterial pressures during systole rather than over the entire cardiac cycle. When this is done, the results come out IO to 40 per cent higher, according to a recent publication by Remington and Hamilton (14) , because the mean pressure during systole is 10 to 40 per cent greater than the mean pressure over the whole of the cardiac cycle. We have not calculated ventricular work in the approved manner because of the extreme irregularity of the pulse-pressure tracings during exercise. which would have necessitated an arbitrary decision as to the duration of systole. Since we will be concerned with relative rather than absolute values for the work of the right and left ventricles, the conventional formulae are believed to provide an adequate estimate of work done against pressure.
In making physiological interpretations we should like to know how closely work done against pressure approximates the total work of the ventricles. It is therefore necessary to know the order of magnitude of kinetic work. Authorities agree that it is insignificant at rest, but since it varies as the cube of the volume flow of blood and inversely as the fourth power of the radius of the vessel into which the blood is ejected (15) , any change in these factors occurring during exercise must be reflected many times over in the value for kinetic work. Accurate information regarding the radii of the pulmonary artery and aorta during work is not availat&e, and the effect of various chronic pulmonary diseases upon the distensibility of these vessels is difficult to estimate during life. Sample calculations for normal subjects suggest that kinetic work constitutes approximately 3 per cent of the total work of the right ventricle at rest and that the percentage increases considerably during heavy exercise (15, IS) . The kinetic work of the left ventricle is approximately the same as that of the right in absolute terms but constitutes a much smaller percentage of total left ventricular work. Disease states which narrow the pulmonary artery or reduce its distensibility must increase the kinetic work of the right ventricle.
MATERIAL FOR STUDY
The three normal subjects were physicians in good health, and the eight patients suffered from various types of chronic pulmonary disease. Their physical characteristics and diagnoses are shown in table 1.
RESULTS
Normal subjects. In table 2 the data obtained on the normal subjects are presented and the average values for rest and two grades of exercise are calculated. For the milder exercise the oxygen consumption varied from 269 to 512 ml. per minute per square meter of body surface; for the more severe work the range was In two of the three normal subjects the stroke volume increased significantly with exercise; in the third there was little change in stroke volume.
There was a fall in pulmonary arterial mean pressure with inceasing work in two of the three normal subjects.
The third subject showed an insignificant rise. The fall in mean pressure was due to a fall in diastolic pressure; the systolic pressure remained unchanged.
When one considers that the cardiac output increased on the average two and one half times, it is obvious that a de- crease in mean pressure could occur only in association with a sharp fall in pulmonary vascular resistance. As seen in the table, bpulmonary vascular resistance decreased to approximately one third of its resting value during the more severe exercise. The estimated work of the right ventricle against pressure increased on the average only 10 joules per minute during exercise while the work of the left ventricle increased 170 joules per minute.
In figure 1 the cardiac output at different levels of oxygen consumption can be studied in relation to the work of the right ventricle against pressure. The solid lines connect points obtained on the normal subjects. The almost vertical slope of the curves on the right indicates that the increase in right ventricular work against pressure was very small. There was marked similarity in the responses of the three normal individuals both with respect to cardiac output and with respect to the work of the right ventricle.
Patients with chronic pulmonary disease. The patients who were ~studied had a wide range of pulmonary pathology including fibrothorax, bronchiectasis, pneumonectomy, fibrosis, emphysema, silica-tuberculosis, and thrombosis of the left pulmonary artery. They were in no sense a homogeneous group, and the degree of functional disturbance varied widely. In table 3 it can be seen that the arterial oxyhemoglobin saturation in three patients (358, 344, and 368) was low at rest and decreased to a still lower level during exercise. With two exceptions (383 and 368) the severity of the work done by the patients was much less than that done by the normal subjects, as indicated by the rate of oxygen consumption.
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Because of the reduced exercise tolerance of most of the patients, it was impossible to study them at higher work levels. In the patients with chronic pulmonary disease the stroke volume either remained unchanged or decreased during exercise. Six patients (366,371,372,383,354,368) had pulmonary arterial pressures which were normal or close to normal at rest.
In three of these (371, 372, 383) the increase in pulmonary arterial pressure during exercise was moderate.
The three patients (358,344,368) who showed the most striking increase in pulmonary arterial pressure with exercise were the same ones whose oxygen saturation dropped sharply during exercise.
Except in one case (371) there was an increase in both systolic and diastolic pressure in the pulmonary artery.
In one patient (344) whose pulmonary arterial pressure was extremely high at rest, the pressure was recorded from the right ventricle but not from the pulmonary artery during exercise.
Since the systolic pressures in the pulmonary artery and in the right ventricle are the same, the latter were used as a measure of pulmonary arterial systolic pressure.
An estimated figure of 50 mm. Hg for the pulmonary arterial diastolic was assumed and this figure was used in the calculation of mean pressure, pulmonary vascular resistance and work of the right ventricle during exercise. In all the patients with chronic disease the pulmonary vascular resistance stayed the same or increased during exercise, in contrast to the normal subjects.
During exercise the work of the right ventricle against pressure for a corresponding rate of oxygen consumption was invariably higher than in the normal subjects.
In two patients (344 and 358) the discrepancy was very striking.
On the left side of figure 1 the patients' cardiac output values are plotted in relation to those of the normal subjects.
Points falling to the left of the solid lines indicate higher than normal cardiac output, while those to the right indicate lower than normal output.
One patient only (344) had a significantly low cardiac output and she had previously shown signs of congestive heart failure.
On the right side of figure 1 all the patients' points fall to the right of the solid lines, indicating that the work of the right ventricle against pressure was abnormally high for the corresponding level of oxygen consumption. With one exception (383) the exercise performed by the patients was so light that the work of the right ventricle against pressure can be taken as an approximate measure of the total work of the right ventricle. Their cardiac output method was a modification of the Haldane method, in which mixed venous carbon dioxide tension was estimated on the basis of an intrapulmonary equilibration procedure. For the corresponding rates of oxygen consumption, the values for two of our three normal subjects (377 and 378) invariably fall between the values of AVB and DBD.
At the highest exercise level our third subject (379) corresponds to CVC. The data of Lindhard (3) obtained with the nitrous oxide method are also comparable.
With normal subjects running on a treadmill, Dill, Edwards, and
Talbott (2) found the same relation of cardiac output to oxygen consumption as in the case of bicycle exercise. These data, too, correspond to ours. Stroke volume relationships show more variation because of the differences in pulse rate in response to a given amount of exercise.
Von Euler and Liljestrand (17) made observations on the pulmonary arterial blood pressure in except one case. normal human subjects using pressure essentially unchanged the cat during exercise and found a moderate increase in all In a very recent note Hickam and Cargill (5) If the dimensions of the pulmonary vascular bed remained unchanged during exercise, the mean pressure would rise in proportion to the increase in blood flow.
The failure of the mean pressure to rise implies an expansion of the pulmonary vascular bed either by a widening of existing blood channels or by the opening of new ones or by a combination of both mechanisms. An actual decrease in pulmonary arterial pressure cannot be explained as a simple mechanical effect of increased blood flow. It suggests either that active vasodilatation occurs or that the increased negativity of intrathoracic pressure associated with deeper inspirations expands the vascular bed. The latter explanation is more consistent with current other work in this laboratory.
thoughts on the pulmonary circulation Regardless of mechanism, there can be based on no doubt pulmonary vascular bed occurs likely on hemodynamic grounds, as a more that a very significant expansion of the response to exercise. If, as seems normal alveolar capillaries are opened up, the physiological advantages of such a vascular response would be seen not only in reduced work of the heart but also in increased efficiency of gaseous diffusion. This is in accord with the increased diffusion constant of the lung during exercise (18) .
In studying patients with emphysema who had high pulmonary arterial pressure at rest, Hickam and Cargill (5) found a further large increase in pulmonary pressure with exercise. These findings, which are entirely comparable to those of the present study, are in striking contrast to the response to exercise of normal individuals.
Two factors are possibly of importance in explaining the rise in pulmonary patients with chronic pulmonary disease. arterial pressure with exercise in first is the size and expansibility The of the pulmonary vascular bed. Destruction of lung tissue, interstitial pulmonary fibrosis, to reduce the number and cross section of or vascular sclerosis would be expected the vessels and the expansibility of the vascular bed during increased blood flow.
The second factor is related to the effect of anoxia upon pulmonary vascular resistance. It may be -seen in table 3 that the three patients whose arterial oxyhemoglobin saturation dropped significantly during exercise (358, 344, and 368) were the three whose pulmonary arterial pressures were highest during exer- Cournand, et al. (19) on human subjects indicate a sharp rise in pulmonary arterial pressure with acute anoxia produced by breathing a gas mixture low in oxygen.
Might not the elevation of pulmonary arterial pressure occurring in some of our patients be related, at least in part, to the associated anoxia? In this respect it is interesting that von Euler and Liljestrand found a decrease in pulmonary arterial pressure with pure oxygen breathing to a level below that obtaining during room air breathing, suggesting that the slight degree of anoxemia normally present produces a slight increase in pulmonary vascular resistance.
This argument tempts one to conclude that in subjects whose arterial blood is unsaturated at rest, a certain elevation of pulmonary arterial pressure above the normal may be due to the effects of anoxemia upon the size of the pulmonary vascular bed. However, since the evidence rests on acute experiments with high or low oxygen breathing, the application to chronic states of anoxia occurring in pulmonary disease can only be suggested as a possibility requiring further proof.
In patients who have a marked decrease of oxygen saturation during exercise, the exercise may be considered as an acute experiment in anoxia, and it seems likely that the anoxemia may cause some of the increase in pulmonary arterial pressure. The effects of chronic pulmonary disease upon the circulation may be considered from the over-all aspect of cardiac output or from the more restricted point of view of the work of the right ventricle.
In figure 1 the data are plotted from both points of view.
In this limited series of patients the cardiac output was maintained at an essentially normal level in all but the most extreme instance (344) even though a greater than normal work load was thereby placed upon the right ventricle.
By increased work, the right ventricle compensated for the increased vascular resistance in the pulmonary circuit, and prevented a decrease in volume flow of blood.
In their revision of Bainbridge's monograph on "The Physiology of Muscular Exercise," Bock and Dill (1) state that "the heart, as a rule, reaches the limit of its powers earlier than the skeletal muscles, and its functional capacity determines a man's capability for exertion. . . . An exaggerated response on the part of the respiratory and circulatory systems involves a useless expenditure of energy; a deficient response rapidly throws out of gear the controlling influences of the nervous system, cripples the energies of the skeletal muscles, and renders exercise ineffective or even impossible."
The latter situation is probably illustrated by one of our patients (344) whose cardiac output was significantly lower normal both at rest and during exercise ( fig. 1) . She was able to perform than only the mildest grade of work (oxygen consumption 256 ml. per minute per square meter of body surface) yet her right ventricle worked nearly three times as hard as the right ventricles of the normal subjects during heavy exercise.
It seems probable that the functional capacity of the right ventricle determined this patient's capability for exertion.
Another patient smith increased pulmonary vascular resistance (358) was able to work nearly twice as hard in spite of a still greater work load on his right ventricle ( fig. 1) These studies illustrate some of the difficulties involved in evaluating disability in chronic pulmonary disease.
In most instances subjects are unable to exert themselves to a point where their cardiac output falls below the normal for that exercise level. Accordingly studies of the greater circulation reveal little. On the other hand studies of the pulmonary circulation during exercise reveal definite abnormalities in patients whose exercise tolerance is low. When considered in conjunction with other aspects of pulmonary function they extend the physiological evidence upon which an estimate of disability must be based. SUMMARY 1. Studies of cardiac output and pulmonary arterial pressure were performed using the venous catheter technic in three normal individuals and in eight patients with various types of chronic pulmonary disease. Measurements were made at rest and during exercise on a stationary bicycle.
2. Two of the three normal subjects showed a decrease in the mean pressure in the pulmonary artery during exercise; all showed a marked drop in pulmonary vascular resistance and a minimal increase in the work of the right ventricle during exercise.
3. Three of the patients with chronic pulmonary disease showed a significant elevation of pulmonary arterial pressure at rest, and in all eight cases the mean pressure increased during exercise.
There was either no change or an increase in the pulmonary vascular resistance during exercise, and the work of the right ventricle was invariably higher than in the normal subjects at a corresponding work level. 4 . The findings indicate that the expansibility of the pulmonary vascular bed during exercise is limited in patients with chronic pulmonary disease.
5. Anoxia may contribute to the elevation of pulmonary arterial pressure during exercise in those patients whose arterial oxygen saturation falls.
6. The physiological evidence upon which an estimate of disability must be based in patients with chronic pulmonary disease is extended by studies of the pulmonary circulation during exercise.
